Sea-echo data from three separate narrow-beam HF radar experiments on the Pacific Ocean are analyzed here by techniques presented in Lipa and Barrick (1980). Only those wave spectral components whose periods exceeded 10 s were included. Close agreement of radar-deduced wave field parameters with surface observations confirms the validity of the second-order theoretical solution for the echo Doppler spectrum, upon which this analysis is based. Depending on the particular experiment, a variety of wave parameters are extracted, including rms wave height, mean wave direction, dominant period, angular spread of the wave field, the nondirectional wave height spectrum, and higher Fourier angular coefficients versus wave frequency. The radar-deduced wave parameters fall within the combined error bounds estimated for the radar and buoy wave observations; consequently, we contend that the primary source of error for radar data is finite sample size. Typical accuracies for specific parameters resulting from observations averaged over a 2-hour period are +_5% for wave height, :!:0.5 s for wave period, and :!:7 ø for wave direction. Hence the utility of HF radars for long-wave measurements has been validated.
INTRODUCTION
Ever since theoretical derivations related the ocean wave height directional spectrum to the second-order sea-echo HF (high-frequency) Doppler spectrum [Barrick, 1971 [Barrick, , 1972 Hasselmann, 1971 ], the prospect of measuring important sea-state parameters at a single radar operating frequency has enticed radio oceanographers. However, the nonlinear nature of the integral equation containing the wave height directional spectrum appeared sufficiently formidable that no immediate solutions were demonstrated. Barrick and Lipa [1979a] and Lipa and Barrick [1980] trace the evolution of approximations and techniques that permit extraction of sea-state parameters from second-order echo; in this paper, we restrict our attention to demonstration of inversion techniques via three separate experiments yielding long-wave directional parameters, and we compare all results with alternate sea-surface wave observations.
First-order sea echo originates from those components of the ocean-wave spectrum of length equal to half the radar wavelength. This echo appears in the received Doppler spectrum as distinct narrow peaks whose symmetrical shifts from the radar frequency are related to the phase velocity of these short waves (at 25 MHz--a typical HF frequency--the firstorder Bragg echo originates from 6-m long ocean waves whose phase velocity is 3.06 m/s and temporal period is --•2 s); these echoes are referred to as the first-order 'Bragg' peaks or lines. Surrounding these Bragg peaks in Doppler space is a continuum. This continuum is the second-order sea echo that we employ here to extract long-wave directional parameters. The agreement of these experimental data with alternate observations, shown subsequently, demonstrates that the second-order theoretical solution correctly describes this portion of the echo. indicated by the appearance of the wave height spectrum twice in the integrand of the solution. It should be stressed that these equations for the second-order echo contain neither arbitrary parameters nor mathematical models that must be determined by fits to measured data. Hence these expressions are unique solutions for second-order scatter and are employed with no modifications or adjustments to force agreement with data.
Thus far, only three groups have actually analyzed the second-order portion of experimental HF data. Barrick [1977] and Maresca and Georges [1980] developed and demonstrated approximations that permit extractions of significant wave height and its nondirectional spectrum. Lipa [1978] was the first to attempt an inversion of the integral equation to obtain directional information about the wave field. All of those works produced results that agreed favorably with alternate sea-surface measurements. However, those works have been based on approximations and/or models for the wave field that limit their utility for most commonly encountered situations. This paper employs none of these restrictions and hence demonstrates the general feasibility of second-order extraction/inversion. The data analyzed herein have the following general properties: (1) They originate from experiments where narrow antenna beams were employed (i.e., <25 ø), and (2) we restrict our attention to the 'long-wave' region of the ocean spectrum, which we define here to be those wave components whose periods exceed 10 s. All of the techniques used in this paper for extracting longwave information from second-order Doppler echo were derived, analyzed, and presented in Lipa and Barrick [1980] , hereinafter cited as L-B. We draw on these expressions below, with a minimum of mathematical detail; the reader is referred to L-B for greater derivation and explanation. In brief, the Doppler spectrum is analyzed as follows: If sharp spikes occur in the higher-order structure adjacent to the first-order lines, one is justified in testing the hypothesis of an ocean spectral model with a single dominant wavelength. Analysis begins with the assumption that this model is unidirectional; if statistical tests show that such a model does not adequately fit the data, parameters of a more general cardioid model are derived. When the higher-order structure is continuous in nature, even the cardioid model will fail the maximum-iikelihood test of its applicability; then a general inversion procedure is employed to give Fourier coefficients of the ocean wave spectrum as a function of ocean wave frequency.
Paper number 80C1337. Thus, choice of the final analysis method is dictated by an objective consideration of the radar data and its statistics. Data from three experiments are analyzed. Two originated from 'ground-wave' radars (i.e., where the signal propagates along the sea to the scattering patch and back). The third experiment involved a 'skywave' radar, in which the signals propagated via ionospheric paths, to arrive at the scattering area over 1500 km away. The nature of the ocean waves producing the second-order echo analyzed subsequently varied considerably among the three experiments. At one extreme the echo was produced by a narrow band of waves in frequency called 'swell.' At the other extreme the ocean spectrum was quite spread in frequency so that a simple swell model would not explain the echo; in this case, full integral inversion was employed.
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We have compared the radar results with all available surface observations and have included estimates of the uncertainty in every result so that meaningful comparisons can be made. The most stringent test is the comparison between radar and buoy measurements, since the uncertainties are low. We also include wave hindcasts, although these are less useful for purposes of quantitative comparisons because of large uncertainties.
SRI SKYWAVE EXPERIMENT
On May 17, 1978, skywave radar observations were made of the North Pacific, near the location of the NOAA data buoy at 41øN, 138øW by using the SRI Wide Aperture Research Facility located in central California. The radar receiving antenna is 2.5 km in length and operates between 6 and 30 MHz, forming multiple beams of width 0.5 ø at 15 MHz. The radar can be electronically steered with azimuth increments of 0.25 o to a limit of +_32 ø from an east-west boresight. In this experiment, transmission occurred at a frequency of approximately 15 MHz via a single reflection from the ionosphere during stable sporadic-E conditions.
Radar Spectra
High quality backscatter was observed from three locations near the buoy and at four time periods between 1600 and 1800 UT. Spectral broadening of the skywave radar echoes caused by multipath and by smearing were minimal in this data set because of the extremely stable ionosphere. At each location, data was taken from 21 contiguous range cells of width 3 km and from 4 adjacent azimuths spaced by 0.25 o. These spectra were incoherently averaged without normalization to give 14 84-sample averages covering 102.4 s in time from an area about 60 km x 63 km. Figure 1 gives examples of echo Doppler spectra measured in each time period. According to the theory of L-B, narrow-band ocean swell produces four sharp spikes in the second-order spectrum that are approximately symmetrically displaced from the first-order lines. All four spikes appear in spectra measured around 1628 and 1822 UT, but at the intermediate times (around 1703 and 1724 UT), the structure of the swell peak on the inner side of the weaker first-order line is concealed by another echo of greater magnitude. This spurious echo lies too close to the Bragg line to be due to second-order scatter from ocean waves and is believed to be due to splitting of the first-order line by ionospheric multipath, a problem in skywave ocean observations [Maresca and Georges, 1980] . This belief is supported by the reduction of the remaining first-order energy relative to the other swell peak. In many cases, a distinct peak cannot be resolved (see Figure 1 ). When this problem occurs, we have not used this spectral region in the analysis.
Data Analysis and Results
L-B describe several techniques of increasing complexity that may be applied to the peaks of the second-order spectrum to yield estimates of parameters describing the swell. For this experiment the simplest technique provided a good fit to the data; the swell is modeled as having a single wave number and direction with a contribution to the directional ocean-wave spectrum at wave number k and direction 0 given by
where Hs, 0, ks are the rms wave height, direction and wave number of the swell, respectively. This model was applicable because the observed swell had a narrow distribution in both angle and wave number; in addition, the radar beamwidth When four uncontaminated swell peaks were available in the radar spectrum, the peak frequencies were analyzed to give swell direction and wave number. This wave number was then used in an analysis of peak amplitudes to give wave height and an independent estimate of direction. As a consistency check we also computed the rms waveheight from each swell peak by using the formula Rm,m, ) 1/2 Hs = 2 IFm,m,I 2
substituting the calculated direction and wave number. If the model for the directional ocean wave spectrum given by (1) provides a good fit to the data, the four values of wave height given by (9) should be consistent.
When one swell peak was contaminated, (4), (5), and (6) were applied with Aco + replaced by 2Aco, where Aco is the frequency displacement of the uncontaminated peak from the first-order line. Because the weaker first-order line is split, neither of the ratios Rm, l is known with certainty, and there is insufficient information in the remaining two ratios to determine both wave height and angle with adequate accuracy.
Instead, we used the direction determined from the uncontaminated spectra and obtained two estimates of wave height by applying (9) to the peaks surrounding the stronger uncon- a large high-pressure system, with ocean waves in the vicinity consisting primarily of swell generated by distant low-pressure centers to the north and west, with minimal wind waves.
To verify the radar results, we used the 3-hourly measurements of winds and nondirectional spectra made by the NOAA data buoy, the ship reports of swell direction provided by the National Weather Service, and the hindcast tables prepared by OSI, Inc. Figure 3 gives a time history of local wind velocity at the buoy over the 24 hours preceding the experiment. Winds were extremely fight and reversed direction during the experimental period. This is indicated in the radar spectra by a reversal in the relative magnitude of the approaching and receding Bragg lines between 1628 and 1703 UT (see Figure 1) . Ocean wave spectra recorded by the buoy are shown in Figure 4 . These spectra contain low-frequency peaks characteristic of ocean swell. To obtain wave height estimates for comparison with the radar results, the spectra were integrated over the same frequency band used to compute peak energies in the radar spectra, which in this case includes essentially all the energy in the ocean-wave spectrum. The swell period was taken to be the centroid frequency of the spectrum in this band.
Estimates of swell direction were obtained from ship observations made between 1800 UT, May 16, and 1800 UT, May 17, provided in surface charts. Unfortunately, there were no observations made near the site of the radar measurements. Therefore, a hindcast was made of the direction of swell passing within 4 ø of latitude at the buoy longitude. We assumed that the swell propagated along a great circle path at its group velocity, which was calculated from the period measured by the buoy. The•original ship reports are given in Table 2 with the calculated õwell direction, latitude, and time of arrival. We also compared our results with a hindcast made by OSI, inc., based on the methods of Pierson et al. [1953] . The estimated swell directions obtained independently from the two hindcasts are entirely consistent.
The comparison between the surface data and swell parameters derived from the radar data is shown in Table 3 . The initial entries are the averaged radar results for each time period selected in the following manner: at 1628 and 1822 UT we used the estimates of wave height and direction derived from the maximum likelihood analysis, as they were the most stable to measurement uncertainty. At 1703 and 1724 UT we used the direction derived from the frequency estimates and the averaged estimate of wave height from the two uncontaminated swell peaks. The next entry in Table 3 gives the means and rms deviations for the four time periods and finally we give the in situ observations, which were essentially constant over the experimental period. The radar and in-situ observations agree to within 1 cm in rms wave height, 3 o in direction, and 1 s in period. The uncertainties in buoy estimates given in Table  3 follow from specifications given by Witbee and Blasingame [1976] , and uncertainties in hindcast values were made by using methods described in Appendix A. These uncertainties are sufficient to explain the small discrepancies between radar and surface observations. and the normalized spectra summed to give a composite spectrum consisting of approximately 27 independent sample averages (nine from time averaging, three from range averaging). We analyzed data for radar transmitter frequencies between 5 and 15 MHz, because in this frequency range the radar signal/noise ratio is large and there is pronounced second-order structure owing to swell and wind waves. This includes the following frequencies: 6.9, 9.4, 13.40, 13.41, and 13.43 MHz. Spectra at the latter three closely spaced frequencies were averaged to increase the effective number of degrees of freedom by hnother factor of 3. An example of a measured power spectrum is given in Figure 5 , showing small peaks owing to ocean swell between the first-order lines and the wind-wave peaks. It is evident from this spectrum that the wind-wave peaks are dominant in the second-order spectrum; a better idea of the relative magnitude of swell versus wind-wave peaks follows from Figure 6 which shows the spectra from different range cells drawn on a linear scale.
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Methods and Results
The calculation of the frequencies and amplitudes of the swell spectral peaks was more complicated than for the previous experiment because the wind-wave echoes were predominant in the second-order spectrum. However, the swell region was normally well separated from the rest of the spectrum (as seen in Figure 6 ) and we reduced the small •tribution to the swell energy from the first-order and wind-wave peaks by subtracting parabolae fitted to the neighboring 'walls.' The energy and centroid frequency were then calculated between the half-power points as before.
In the late afternoon at the higher radar frequencies, the swell and wind-wave peaks merged together because the wind wave height increased from 1.5 to 2.5 m under the influence of a 16-m/s wind onset; for this reason we did not use the 13.4
MHz data for the last period of the afternoon (better resolution and signal-to-noise ratio inherent in more modern HF radar systems--exemplified in the other two recent experiments--would have permitted discrimination of the two peaks even for the afternoon i•eriod).
The second-order spectrum at negative Doppler frequencies is almost always below the additive noise which was determined from the data as was described previously. We therefore modified the methods of L-B to apply to the data measm-ed only at positive Doppler frequencies for the two beam positions. In the following discussion, we term the beams from 270øT and 240 ø as the 'right' and 'left' beams, respectively; parameters associated with the beams are identified by superscripts R and L.
We began, as for the previous experiment, assuming ocean swell with a directional ocean-wave spectrum modeled as an impulse function in direction and wave number (as in (1)). In place of (2) for the peak frequencies we have = .
C0m,, mc0s + (c0B n + 2mc0•2c0B 2 cos 0s + Wm.
• L= mws + co• n + 2mc0s2c0• 2 cos 0s + + c0fi (12) and in place of (7) gm,,R= 2Hs 2 II•m,,(ks, 0s)l 2 Rm, l L--2Hs 2
We obtained maximum-likelihood estimates of period and direction from (11) and (12) and of wave height and direction from (13) and (14). Statistical uncertainties in these parameters were obtained from the random surface-height statistics, using the theory of linear error propagation, applied by L-B, section 3, to a similar problem. Results of this analysis are shown in Table 4 : There is a consistent discrepancy between the swell direction derived from (11) and (12) and from that derived from (13) and (14), which exceeds the statistical standard deviation by about a factor of 10. It, therefore, follows We attempted to use (19) and (20) together with the corresponding equations for the left beam to determine the parameters describing the two swell components. However, there was insufficient information in the data to allow so many parameters to be resolved with adequate accuracy. We, therefore, compared results from a single composite swell analysis with surface data. Later we describe results of a consistency check which shows that two swell components with the hindcast properties would produce a radar spectrum that is reasonably consistent with the measured data.
Comparison with Surface Data
A Waverider buoy moored in the scattering area provided the nondirectional ocean-wave spectrum for the periods 1015-1210 PST and 1569-1734 PST. These spectra, shown in Figure  7 , contain broad swell peaks separated in frequency from a saturated wind-wave spectrum.
Because the buoy output provided no directional information, it was supplemented by wave hindcast tables prepared by OSI, Inc., available for 1000 and 1600 PST. The hindcast of swell properties given in Table 5 indicates the presence of two swell components with a total rms wave height increasing by 50% from morning to afternoon. This is in contrast with the buoy measurement of the same quantity which is almost constant throughout the day. with a similar formula for ocean-wave frequency. Table 6 gives the comparison between surface data and the radar results for this 'composite' swell analysis; radar data have been averaged over transmitter frequency and time. Estimates of period from the different sources agree to within 1 s. The most reliable radar estimates of wave height and direction follow from the use of the cardioid directional model which makes allowance for angular spread: These directions agree with the surface data to within 20ø; estimates of wave height agree to within 10%, except the hindcast value in the afternoon which is about 30% greater than both buoy and radar values.
Consistency Check for Two Swell Components
In this test we substituted hindcast periods and angles for the two swells into (19) and (20) for the centroid frequency and amplitude of the smeared peak in the radar spectrum. We then derived least squares estimates of the radar-deduced wave heights Hi and H2; these are given in Table 7 
Radar Spectra
Data were processed and recorded digitally to produce 2048-s coherent spectra. Adjacent time series were overlapped by 50%, giving 23.5% correlation between sequential frequency spectra. Figure 8 shows examples of echo spectra from different range cells. The spectra taken at 6.9 MHz were often contaminated by interference from a neighboring commercial band and were excluded from the analysis. Owing to propagation loss--which increases with the radar frequency--the signal/nois e ratio of the echo from the furthest range cells was i Figure 8 ) that may be the result of antenna motion modulating the direct signal arising from feedback and land reflection. These signals do not, however, affect the spectrum in the region of the swell peaks.
Analysis and Results
Large-amplitude, long-period waves resulted in strong higher-order atrnc. tnre close to the first-order lines. The analysis of this data set was more complicated than the two considered previously for two reasons: (1) The dominant ocean waves were effectively in shallow water at 65 m depth, and (2) the ocean waves were generated too close to the radar site to be considered true swell. There is no clear separation in the measured data between a swell region and the rest of the spectrum, as with the San Clemente Island data analyzed above; for this reason, simple swell models were inapplicable, and the data were analyzed by complete integral inversion. The haftpower width of the first-order peak defines the intrinsic frequency resolution, since the first-order spectrum is ideally an impulse function but in practice is smeared over a finite-frequency band by current turbulence and system effects. Before analysis we smeared the second-order spectrum over this fre- shows the Fourier coefficients derived from the 13.4-MHz data plotted against ocean-wave frequency. The zero-order coefficient Co is identically the spatial nondirectional spectrum, but the higher-order coefficients must be interpreted further to give ocean-wave parameters that can be physically understood. Barrick and Lipa [1979b] show how the normalized directional coefficients el/co and c2/co may be interpreted in terms of a cardioid model for the angular distribution [cog (0 -00/2)] to give the mean wave direction 00 and the spreading factor s. The half-power beamwidth is then given by
A0 = 4 cos -1 [(«)l/q (26)
and is shown with the mean-wave direction in Figure 9 .
Temporal spectra shown in Figure 10 were derived from the nondirectional coefficient, using the formula 4vrk3/2c0(k)
F(f) • •/tanh '('kd) + kd sech 2 (kd)/4tanh (kd)
where f is the ocean-wave frequency. L-B describe how standard deviations in the derived ocean parameters are obtainable from the known sea-surface height statistics; we show examples of these uncertainties in Figure 11 . Barrick and Lipa [1979b] . In Appendix C we describe how the has concentrated on data sets originating from narrow-beam radars, since the mathematical techniques for that case lead to the most straightforward demonstration of these claims. The features of the present analysis that strengthen these conclusions are the following: 1. Three separate experiments were analyzed; one from a skywave system and two from different surface-wave radars.
2. In all cases, simultaneous radar operation on multiple frequencies and separate analyses of the data obtained yielded consistent long-wave parameters. In two cases, the frequency region of :operation spanned nearly three octaves; this demonstrates that successful utilization of the techniques does not depend on judicious selection of the operating frequency.
3. In the case of the NOAA San Clemente Island experiment, data from two simultaneous narrow beams were successfully analyzed.
4. Long-period wave information has been extracted both when the shorter-period wind waves predominated (i.e., the NOAA experiment) and when the long waves predominated Errors occur owing to uncertainty in the centers of the pressure field itself (e.g., the lows or storm centers, and highs, around which isobars are contoured). Parsons [1979] studied these 1ocational errors over the ocean. His studies imply that the boxes used to generate hindcasts can be mispositioned by as much as 500 kin. This uncertainty translates into errors in (1) mean-wave direction, (2) arrival time of the waves, and hence (3) the mean-wave period at • given location. We have employed this 500-kin positional uncertainty to estimate errors in wave period and direction.
• Marine experiments [Petterssen, 1956] show that wind speed does not follow the simple geostrophic balance, but is typically only 2/3 of that value (owing to frictional effects near the surface). More important, however, is the fact that the wind speed standard deviation is •24% of the mean value. This uncertainty in wind speed translates into wave height errors, particularly for the longest-period waves generated within the box.
We trace through an example of estimating wave hindcast •y 740 •km long, centered 1250 km from the radar site. Although the storm had dissipated at the time of the radar observ.ati0ns, the generating area was so close that the swell was spread considerably in angle and period (e.g., over a 4•3 ø angular beamwidth).' Assuming that the lateral positional error error is less straightforward because factors such as fetch and duration influence wave height as well as wind speed. However, by using the relationship that relates wave height to wind speed squared for infinite fetch and fully developed seas means that a +24% error in wind speed translates to a +_48% error in wave height; since hindcast rms wave height was 117 cm, we thus obtain an error estimate of +-56 cm. In addition, a 24% error in wind speed means that spectral components with periods as long at 17 s could have been generated (the hindcast showed no wave energy beyond 14 s). Both the radar and the buoy observed appreciable wave energy out as far as 16.5 s, consistent with the magnitude of hindcast errors.
Because of many other oversimplifications employed in the overall hindcasting process, it is probably not meaningful to attempt to estimate these errors more accurately. In this appendix we briefly describe a method of combining or of averaging independent Doppler spectra (to maximize the number of degrees of freedom in the composite spectrum) that permits removal of unknown multiplicative path-loss or system gain factors from each spectrum. A detailed derivation is given by Barrick [1980] . For each individual spectrum a frequency window is defined to include the region which has an adequate signal-to-noise ratio. The lth spectrum is then normalized by the factor C, = exp • lnP,' 
•l = Cll(W)
